The noninvasive measurement of variations in absorption that are due to changes in concentrations of biochemically relevant compounds in tissue is important in many clinical settings. One problem with such measurements is that the path length traveled by the collected light through the tissue depends on the scattering properties of the tissue. We demonstrate, using both Monte Carlo simulations and experimental measurements, that for an appropriate separation between light-delivery and lightcollection fibers the path length of the collected photons does not depend on scattering parameters for the range of parameters typically found in tissue. This is important for developing rapid, noninvasive, and inexpensive methods for measuring absorption changes in tissue.
Introduction
Noninvasive, in vivo methods for measuring absorption coefficients of tissue are potentially very useful biomedical tools. Applications include measurements of endogenous compounds such as hemoglobin, bilirubin, and cytochrome oxidase, as well as determining concentrations of exogenous chromophores such as photodynamic therapy and chemotherapy drugs. The specific case of chemotherapy drugs can be used to illustrate the potential benefits of a noninvasive or minimally invasive method for measuring local tissue concentrations. The therapeutic benefit of chemotherapy drugs is determined by the tissue concentration of the drug in the targeted site. The only minimally invasive check available to the oncologist is to track the blood-serum concentration and assume a relationship to the tissue concentration. 1 This assumption is unreliable. 2 Other methods for tracking pharmicokinetics locally, such as microdialysis, are invasive. 3 The ability to track compound concentrations by examining a change in absorption that is due to the presence of the drug in tissue noninvasively would be a tremendous advantage in clinical pharmacology, especially for the development of new drugs. 4 Most work to date has concentrated on making optical measurements in a geometry for which the diffusion approximation is applicable, [5] [6] [7] [8] although neural-network analysis methods have also been used. 9, 10 In this paper we describe a method for measuring small absorption changes by means of a backscattering geometry for which the diffusion approximation is not valid. Rather than a frequency domain or time resolved approach, a simpler and consequently less expensive steady-state method is applied. A further advantage of making steady-state measurements is that a wavelength range greater than 500 nm can be measured in less than 1 s.
The underlying idea in this paper is that, when light delivery and collection are performed with fiber optics in contact with the tissue surface, there is an optimum separation between the source and the detector fibers for which the dependence of the path length on scattering parameters is minimal. This idea can arise from examination of the path lengths for very small and very large source-detector separations. In general, for very small fiber separations, the average path length of the collected photons is longer for a less-scattering media with higher g values than for a highly scattering media with lower g values because the photons need to undergo a certain number of high-angle scattering events to nearly reverse their direction of travel. 11 At very large fiber separations one expects the path length to be longer for the more highly scattering media, as is obvious in the case of light transmission. Therefore there must be some crossover regime in the middle for which the average path lengths for different scattering media are quite similar.
The first part of the approach taken in developing this method was to investigate general characteristics of light-scattering measurements at small fiber separations using Monte Carlo simulations. Based on general trends observed in the Monte Carlo simulations measurement techniques were then developed by experimentation on tissue phantoms.
General Principles
Knowledge of the path length L traveled by collected photons permits the use of Beer's law, given in Eq. ͑1͒, where I is the collected light, a is the absorption coefficient of the medium, and I o is the incident light intensity:
For the purpose of discussion we assume that the path length does not depend on wavelength. Then, by comparing the signals at two different wavelengths, it is possible to determine the difference in absorption coefficients at the two wavelengths:
For a chromophore with a sharp absorption band ͑e.g., absorbing at 1 but not 2 ͒, Eq. ͑2͒ should have great utility for measuring changes in the concentration of a chromophore when L is known. We will show below that, for certain source-detector separations, the path length depends only weakly on the scattering properties over the range found in tissue. We also find that small changes in absorption have a negligible effect on path length. Therefore, if the difference in absorption at 1 and 2 is small ͑we are only concerned with small changes in absorption͒ and appropriate fiber separations are chosen, the above assumption that the path length does not depend on wavelength is valid.
Monte Carlo Simulations
To investigate characteristics of light scattering with small source-detector separations, we performed Monte Carlo simulations by using a previously described code. 10 Reflection and refraction at interfaces between different media and the numerical aperture of the light-delivery and light-collection fibers are accounted for in the code. HenyeyGreenstein phase functions were used in the simulation, and the effects of different values of g ϭ ͗cos ͘ were assessed. The delivery and collection fibers were modeled as being 200 m in diameter with a numerical aperture of 0.34.
In Fig. 1 the average path length traveled by the collected photons is plotted versus the scattering coefficient, s , of the medium with the anisotropy factor, g, adjusted to keep s Ј ϭ s ͑1 Ϫ g͒ within the range 7.5-15 cm
Ϫ1
. Results are shown for three sets of source-and detector-fiber center-to-center separations, d, and values of a . For d ϭ 1.75 and a ϭ 0.5 cm Ϫ1 the greatest percent variation in path length for different scattering parameters is 9.5%. This demonstrates that for the correct choice of fiber separation the average path length traveled by the collected photons depends only weakly on scattering characteristics.
Interesting issues with regard to Fig. 1 are ͑1͒ whether the essential lack of dependence on scattering properties is valid for the range of absorption parameters found in tissue and ͑2͒ whether the choice of fiber separation and the variation in path length depend on properties of the optical delivery and collection system. With regard to the second issue, fiber numerical aperture was found to have a negligible effect on the path length. Path lengths determined from Monte Carlo simulations with numerical apertures of 0.22 and 0.34 agreed within errors for all but two data points for d ϭ 1.75 and a ϭ 0.5 cm
. The average path lengths of photons traveling from a source to a collection fiber may not be the same in media with the same scattering coefficients but dif- Fig. 1 . Average path lengths of photons traveling from a delivery fiber to a collection fiber ͑in a backscatter geometry such as that shown in Fig. 1͒ Ϫ1 the percent difference in path lengths is 30%. The error bars are smaller than the symbols and were determined by several simulations with different numbers of incident photons. Simulations in which more than 400 photons were collected all resulted in the same value ͑to within 0.1%͒ of the path length. Deviations from this value when smaller numbers of photons were collected were used to estimate the errors. ferent absorption coefficients. To investigate how this might affect the choice of optimal fiber separation, simulations with the same scattering parameters as in Fig. 1 were performed, but with absorption coefficients of 2.0 cm Ϫ1 and 0.1 cm
. For an absorption coefficient of 2 cm
, it was found that at sourcedetector separations of 1.25, 1.75, and 2.25 mm the variation in path lengths was 17%, 7%, and 14%, respectively. For an absorption coefficient of 0.1 cm Ϫ1 there is a 40% variation between the longest and the shortest average path lengths at a separation of 1.0 mm. At fiber separations of 1.5, 1.75 ͑see Fig.  1͒, 1 .87, and 2.0 mm the variation in path lengths is 16%-20%. When fiber separation is increased to 3.0 mm, the variation in path lengths increases back to ϳ40% ͑see Fig. 1͒ . This suggests that there is a range of fiber separations for which the path length is nearly independent of scattering parameters. Furthermore, the choice of optimum source-detector separation may be valid for a range of absorption coefficients. For example, the 1.75-mm separation found to have less than a 10% variation in path length as a function of scattering properties when the absorption coefficient is 0.5 cm Ϫ1 would also work well for measurements in a medium with an absorption coefficient of 0.1 or 2.0 cm Ϫ1 .
Experimental Methods
A cw xenon arc lamp ͑Optical Radiation Corporation compact lamp, Azusa, California͒ was used as a light source. All optical fibers were 200 m in diameter with a numerical aperture of 0.22 ͑C Technologies, Verona, New Jersey, part number MM0002͒. One fiber was used to deliver light to the tissue phantom, and several fibers were used for light collection at different distances from the delivery fiber. The incident light power on the sample was ϳ1.5 mW. The source-detector separations were 0.7, 0.95, 1.2, 1.42, 1.7, 2.18, 2.4, 2.65, 2.98, and 3.2 mm. Light from eight of the collection fibers was simultaneously dispersed by a spectrograph ͑Acton Research Corporation, Acton, Massachusetts, spectrometer number 275i͒ and focused onto a two-dimensional thermoelectrically cooled CCD array ͑Princeton Instruments, Princeton, New Jersey͒. In this manner one axis of the CCD array corresponded to wavelength while the other axis corresponded to collection fibers at different distances from the source fiber. Signal integration times were less than or equal to 1 s. To account for any fluctuations in lamp intensity some light from the lamp was attenuated and sent directly to the spectrometer. A schematic of the experimental setup is shown in Fig. 2 .
Aqueous suspensions of polystyrene spheres ͑Duke Scientific Corporation, Palo Alto, California͒ and Intralipid-10% ͑Pharmacia, Inc, Clayton, New Jersey͒ were used as scattering media. Measurements were made in 5%, 10%, and 15% concentrations of Intralipid-10%. Based on our previous measurements of the scattering coefficient of Intralipid-10%, these concentrations correspond to reduced scattering coefficients of 7, 15, and 22 cm Ϫ1 at 550 nm, and reduced scattering coefficients of 5, 10, and 16 cm Ϫ1 at 650 nm. 12 The value of g at 550 nm is ϳ0.80, and at 650 nm it is ϳ0.79. 13 The polystyrene spheres, 0.890 or 0.913 m in diameter, were used at concentrations of 0.2%, 0.4%, and 0.6% by weight. This corresponds to reduced scattering coefficients of ϳ7, ϳ14, and ϳ21 cm Ϫ1 at 550 nm, where g ϭ 0.92, and reduced scattering coefficients of ϳ6, ϳ12, and ϳ18 cm Ϫ1 at 650 nm, where g ϭ 0.91 as calculated by Mie theory. ͑An index of refraction of 1.59 was used for the polystyrene spheres.͒ Fifty milliliters of the suspensions were placed in standard 50-ml beakers and the probe was placed on or near the surface of the suspensions for the measurements. For absorbers, India ink and the dye Direct Blue 71 ͑Aldrich Chemicals, Milwaukee, Wisconsin, ACS number 4399-55-7͒ were used. The Direct Blue dye was added to the scattering solutions in aliquots so as to change the absorption coefficient each time by ϳ0.011 cm Ϫ1 at 585 nm. Spectra were taken with no Direct Blue dye present and after each addition of Direct Blue dye.
Data were analyzed by division of each spectrum taken with Direct Blue dye present by the spectrum taken before Direct Blue dye was added. The spectra were then normalized to 1 at 800 nm, a wavelength at which Direct Blue dye does not absorb. ͑This normalization was done because the level of the solution changed during the course of adding blue dye, which slightly changes the total amount of light detected, although it has no measurable effect on the wavelength dependence of collected light.͒ Finally, the negative natural log was taken over the entire wavelength range. These spectra will be referred to as analyzed spectra, and examples are shown in Fig.  3 . The area under the curves from 575 to 595 nm ͑approximately the peak of the absorption͒ were then plotted as a function of the absorption coefficient of the added blue dye at 585 nm. Figure 4͑a͒ is an example of such a plot.
The absorbances of the Direct Blue dye and of the India ink in nonscattering, aqueous solutions were measured on a Cary 5E spectrophotometer ͑Varian Instruments, Sugar Land, Texas͒ and the spectral shape of the Direct Blue dye was determined to be independent of dye concentration. Spectra of the blue dye and India ink are shown in Fig. 5 .
The final part of the experimental investigations was to employ knowledge of the optimum fiber separation for deducing the amount of Direct Blue dye added to a scattering solution. The protocol was as follows: Measurements of scattering solutions of spheres with India ink were made before and after the addition of aliquots of Direct Blue dye. The data were analyzed without knowledge of the amount of dye that was added.
Results
In Fig. 4͑a͒ the areas under the traces of analyzed spectra ͑see Fig. 3͒ from 575 to 595 nm are plotted versus the absorption coefficient of the added blue dye at 585 nm for a source-fiber to detector-fiber separation of 1.42 mm. The different curves are for the six different scattering solutions. ͑India ink was not added to these scattering solutions.͒ Despite the large range of scattering properties in the different tissue phantoms, the curves in Fig. 4͑a͒ are all very similar. For both larger and smaller fiber separations the slopes of curves like those plotted in Fig.  4͑a͒ depend strongly on scattering properties. This is shown for a fiber separation of 2.98 mm in Fig. 4͑b͒ .
To determine the best choice of fiber separation, the percent difference in the area from 575 to 595 nm of the analyzed spectra for the different scattering solutions was plotted versus the fiber separation in Fig. 6 . This percent variation in area was calculated according to Eq. ͑4͒, where A min is the minimum value of the area from 575 to 585 nm and A max is the maximum value of the area from 575 to 595 nm for the set of scattering suspensions measured:
Values for A min and A max were determined by fitting the area curves ͑e.g., the curves in Fig. 4͒ to thirdorder polynomials and use of the values of the fits at an absorbance of 0.15 cm
Ϫ1
. In Fig. 6 the percent variation in the area from 575 to 595 nm of the analyzed spectra are shown for the Intralipid suspensions, for the sphere suspensions, and for the Intralipid and sphere suspensions combined. The percent variation in area is lowest at fiber separations from 1.2 to 1.7 mm.
The effect of the absorption of the starting medium on the optimum choice of source-detector fiber separation was determined. The above measurements on Fig. 3 . Spectra taken after the addition of Direct Blue dye, which have been divided by a spectrum with no blue dye, normalized to 1 at 800 nm, and with their negative natural log taken. ͑The sourcedetector separation was 1.42 mm. The scattering media was 10% Intralipid-10%.͒ The values of a given in the figure caption are the average absorption coefficient of the scattering solution from 575 to 595 nm that is due to the addition of the Direct Blue dye. Fig. 4 . ͑a͒ Areas under the curve from 575 to 595 nm of analyzed spectra plotted versus the average absorption coefficient of the blue dye from 575 to 595 nm; dye was added to the scattering solutions for a source-detector separation of 1.42 mm. ͑b͒ Same for a fiber separation of 2.98 mm. the three different concentrations of polystyrene spheres were repeated, except that India ink was added to the original solutions to provide a background absorption. The percent difference in the areas from 575 to 595 nm of the analyzed spectra is plotted versus fiber separation in Fig. 7 . The percent variation in area is smaller for the data with absorption coefficients of 0.4 and 0.8 cm Ϫ1 than for the data taken with a background absorption of nearly zero for fiber separations greater than ϳ1.5 mm.
The final stage of the experimental investigations was to estimate the amount of Direct Blue dye added to a scattering solution. Measurements were made before and after the addition of Direct Blue dye to solutions of spheres to which India ink had been added to yield an absorption coefficient of 0.4 cm Ϫ1 at 585 nm. The area under the analyzed spectra from 575 to 595 nm for a source-detector separation of 1.7 mm was then computed as before and compared with a calibration curve to determine the change in absorption coefficient. The calibration curve was obtained by fitting of a third-order polynomial simultaneously to the results of earlier measurements taken at a fiber separation of 1.7 mm on three polystyrene sphere suspensions ͑0.2%, 0.4%, and 0.6% by weight͒ with a background absorption of 0.4 cm
. This curve is shown in Fig. 8 . The results of the measurements of absorption coefficients are given in Table 1 . Differences in the measured and the actual absorption coefficient change varied from 0 to 20%.
Discussion
The Monte Carlo and experimental results both indicate that for a particular choice of fiber separation the average path length of the collected photons is quite insensitive to the scattering parameters. The Monte Carlo results show explicitly that the average path length is nearly independent of scattering properties. The experimental results, however, do not directly measure the average path length, ͗L͘. In a semi-infinite medium there are an infinite number of routes that can be taken from the source to the detector ͑although very few photons travel some of the routes͒. Let I i be the number of photons that start on route i, and let c be any constant. Then
The fact that path length is independent of scattering properties can only be inferred from the experimental data based on the fact that the change in signal due to the addition of an absorber does not depend on scattering properties. Nonetheless, we believe that, on the basis of the experimental and Fig. 6 . Percent difference in the largest and smallest areas under the curve from 575 to 595 nm of the analyzed spectra plotted versus the source-detector fiber separation. Analyzed spectra were used for which the amount of added Direct Blue dye had an absorption of 0.15 cm Ϫ1 at 585 nm. The three scattering suspensions composed of 0.2%, 0.4%, and 0.6% 0.890-m-diameter spheres had reduced scattering coefficients of ϳ6, ϳ12, and ϳ18 cm Ϫ1 at 650 nm, where g ϭ 0.91. The three scattering suspensions composed of 5%, 10%, and 15% Intralipid-10% had reduced scattering coefficients of 5, 10, and 16 cm Ϫ1 at 650 nm, where g ϭ 0.79. Fig. 7 . Percent difference in the largest and the smallest areas under the curve from 575 to 595 nm of the analyzed spectra for the three scattering solutions composed of 0.2%, 0.4%, and 0.6% by weight 0.913-m-diameter polystyrene spheres plotted versus the source-detector fiber separation. Analyzed spectra were used for which the amount of added Direct Blue dye had an absorption of 0.15 cm Ϫ1 at 585 nm. Data are given for three different values of a . Fig. 8 . Best values of the area of analyzed spectra from 575 to 595 nm versus amount of added absorber for a fiber separation of 1.7 mm for three different values of background absorption. These curves were obtained by fitting raw data ͓similar to that shown in Fig. 4͑a͔͒ to a third-order polynomial. computational results, it is a good approximation to say that for the correct choice of fiber separation the average path length essentially does not depend on the scattering properties.
For a range of scattering parameters relevant to tissue, and for the optical geometry studied here, the optimal fiber separation was found experimentally to be approximately 1.7 mm for absorption coefficients of 0 -0.86 cm
Ϫ1
. This is in reasonable agreement with the Monte Carlo results, which showed that for absorption coefficients of 0.1, 0.5, and 2 cm Ϫ1 a fiber separation of 1.75 was within the range of optimal fiber separations for each absorption coefficient. For clinical applications the ability to make measurements through an endoscope is advantageous. The sourcedetector separation of 1.7 mm is less than the diameter of typical endoscope working channels. Therefore endoscopic measurements can take advantage of the fact that at a separation of ϳ1.7 mm the path length does not depend significantly on the scattering parameters.
What are typical changes in values of absorption coefficients in tissue that are of clinical interest? One area of interest is the measurement of the change in absorption due to the administration of a photodynamic therapy drug. The absorption coefficient of Photofrin in tissue is expected to be roughly 0.01-0.1 cm Ϫ1 at 630 nm. 14 The technique shown above is therefore applicable to the determination of photodynamic drug therapy concentrations in tissue. Other chromophores of potential interest are hemoglobin and cytochrome oxidase. Based on the expected concentration of cytochrome oxidase in brain tissue and the absorption coefficient of reduced minus oxidized cytochrome, 15 changes in absorption due to changes in the oxygenation of cytochrome oxidase will be approximately 0.003 cm
. Therefore this technique is probably not applicable to the measurement of changes in the oxidation state of cytochrome oxidase in the brain. This technique is, however, applicable to the measurements of changes in blood oxygenation. Oxyhemoglobin and deoxyhemoglobin have several absorption bands with different molar extinction coefficients. Depending on how much the concentration of hemoglobin changes, an appropriate absorption band can be used to measure the change in concentration. The above is by no means a conclusive list of absorbing compounds of clinical interest. Others include bilirubin, NADH, and chemotherapy drugs. The techniques described in this paper may also be applicable to environmental monitoring and material science applications.
To take advantage of the fact that the path length is independent of the scattering parameters and to use Eq. ͑2͒ to determine the absorption coefficient, it is necessary to know the path length or to have a calibration relating the measurement to an absorption coefficient. The curves in Fig. 8 can be used to determine the amount of absorber added to a scattering solution that has a background absorption of either ϳ0, 0.4, or 0.8 cm
. This approach was tested for a ϭ 0.4 cm
, and the results are presented in Table 1 . In all cases the errors in the measured change in absorption were less than 20%.
The curves for background absorption coefficients of a ϳ 0 and a ϭ 0.4 cm Ϫ1 in Fig. 8 are different from each other, although the curves for a ϭ 0.4 cm Ϫ1 and a ϭ 0.8 cm Ϫ1 are very similar. This can be understood by examining the results in Fig. 9 , in which the area of analyzed spectra from 575 to 595 nm is plotted against the absorption coefficient of added Direct Blue dye ͑background a ϳ 0͒. The first part of this curve is steepest, consistent with the trace for a ϳ 0 having the steepest slope of the traces in Fig. 8 . For values of a greater than 0.4 cm Ϫ1 the slope of the curve in Fig.  9 does not change very much, and this slope is smaller than the initial slope. Similarly, in Fig. 8 the slopes of the curves for background a ϭ 0.4 cm Ϫ1 and a ϭ 0.8 cm Ϫ1 are very similar, and both are less than that for a ϳ 0. ͑The slope of the curve for a Ͼ 0.4 cm Ϫ1 is what one would expect when adding blue dye starting from an average background absorption of 0.4 cm Ϫ1 at 585 nm.͒ The fact that the curves for background a ϳ 0 and a ϭ 0.4 cm Ϫ1 are different means that, to take advantage of the fact that the average path length traveled by collected photons is insensitive to the scattering properties, it is necessary to know approximately the original background absorption. Based on the 20% variation ͓see Fig. 4͑a͔͒ in the areas from 575 to 595 nm of the analyzed spectra, the background Fig. 9 . Areas under the curve from 575 to 595 nm of analyzed spectra plotted versus the average absorption coefficient of the blue dye from 575 to 595 nm; dye was added to the scattering solutions for a source-detector separation of 1.7 mm. The scattering media was 10% Intralipid-10% and the background a ϳ 0. The nonlinearity of the curve for small values of a and the linearity of the curve at larger values of a have important consequences for how accurately the background absorbance must be known.
absorption coefficient must be known to an accuracy of ϳ0.2 cm Ϫ1 if it is between 0 and 0.4 cm
. For larger values of background a , one does not need to know a as accurately, but only to an accuracy of ϳ2 cm Ϫ1 , as estimated from Fig. 9 . In some cases it may be possible to estimate the background absorption based on a priori knowledge of the tissue being measured. For other situations a method for roughly estimating the absorption needs to be developed. Furthermore, if the background absorption varies by more than 0.2 cm Ϫ1 across the wavelength range in which the species of interest absorbs, the approximation that the path length is independent of wavelength made in Section 2 becomes invalid.
Finally, it is noted that, although the actual measurements were performed in 50-ml beakers, the actual volume of the scatterer sampled by the light was much smaller. Monte Carlo simulations show that for a fiber separation of 1.48 mm the actual volume interrogated is ϳ0.1 cm 3 for g ϭ 0.9 and s ϭ 100 cm Ϫ1 .
Conclusions
We have shown, using both computational methods and experimental data, that with the correct choice of source-detector separation the average photon path length is essentially independent of scattering properties. For the Monte Carlo simulations the tissuerelevant range of parameters investigated was 7.5 Ͻ sЈ Ͻ 15 cm Ϫ1 with g kept in the range 0.8 Ͻ g Ͻ 0.95. In the experimental measurements a larger range of parameters was investigated, with measurements made in suspensions with sЈ as large as 22 cm
Ϫ1
. The optimum choice of center-to-center separation of the source and the detector fibers was found experimentally to be ϳ1.7 mm. This distance is smaller than the working channel of most endoscopes. Therefore, with a carefully designed probe, it should be possible to take advantage of this effect in endoscopic optical measurements.
To test the utility of the average path lengths being insensitive to scattering parameters, measurements were made of suspensions to which unknown amounts of absorber had been added, and the absolute concentrations of the added absorber were deduced. All the measured values were within 20% of the correct values. This demonstrates the utility of this technique, which does not require the use of a reflectance standard, for measuring small absorption changes.
That the average path length is essentially independent of scattering properties is important for making measurements of small changes in absorption. Possible applications include concentration measurements of NADH, bilirubin, oxyhemoglobin, deoxyhemoglobin, photodynamic therapy drugs, and chemotherapy drugs.
